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Project Abstract

The East Central Minnesota Batholith (ECMB) is a series of igneous plutons exposed along
the Sauk River valley near St. Cloud in central Minnesota. The current model for the
emplacement of the ECMB relies on U-Pb age dates and the geographic distribution of the
batholith with respect to other Yavapai-era granitoids. Holm et al. (2005) published U-Pb
ages for batholith emplacement between 1.77-1.79 Ga. He describes the distribution of the
ECMB as a series of southward migrating granitoid intrusions north of the Yavapai
accretionary boundary. He proposes this distribution, and the post-Penokean ages for the
ECMB are the result of slab rollback during the Yavapai orogeny. The research presented
here uses whole-rock analysis for major, trace, and rare-Earth elements to interpret the
tectonic environment for the emplacement of the ECMB. Outcomes of this research will
better constrain the model for Yavapai subduction. Whole rock geochemistry for major
elements (ICP-AES), REE and trace elements (ICP-MS) was determined for 15 samples
collected from 7 distinct intrusions across the batholith. These data were compared using
several classification plots including Harker diagrams, MALI, Fe-index, aluminum saturation
index, alkalinity index, feldspar silica saturation index (Frost et al., 2001; Frost and Frost,
2008). And the trace element discrimination diagrams (Pearce et al., 1984). Petrographic
analysis on thin sections from 10 of these granite samples was performed to determine
mineral assemblage and modal abundance. To date, whole-rock data from 10 of 15
samples indicate that the suite range from quartz monzonite to granite, are calc-alkalic to
alkalic, largely ferroan and metaluminous with Fe-index and ASI increasing with silica
content. Alkalinity index and feldspar silica saturation index classify the preliminary samples
as being metaluminous and silica saturated. The geochemical patterns of the ECMB appear
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Abstract

Results

The East Central Minnesota Batholith (ECMB) is a series of igneous plutons exposed along the Sauk River valley near St. Cloud in central Minnesota. The current model for the emplacement of the ECMB relies on U-Pb
age dates and the geographic distribution of the batholith with respect to other Yavapai-era granitoids. Holm et al. (2005) published U-Pb ages for batholith emplacement between 1.77-1.79 Ga. He describes the distribution of
the ECMB as a member of a series of southward migrating granitoid intrusions north of the Yavapai accretionary boundary. He proposes this distribution, and the post-Penokean ages for the ECMB are the result of slab rollback
during the Yavapai orogeny. The research presented here uses whole-rock analysis for major, trace, and rare-Earth elements to interpret the tectonic environment for the emplacement of the ECMB. Outcomes of this research
will better constrain the model for Yavapai subduction.

Rock Descriptions

Whole rock geochemistry for major elements (ICP-AES), REE and trace elements (ICP-MS) was determined for 15 samples collected from 7 distinct intrusions across the batholith. These data were compared using several
classification plots including Harker diagrams, MALI, Fe-index, aluminum saturation index, alkalinity index, feldspar silica saturation index (Frost et al., 2001; Frost and Frost, 2008), and the trace element discrimination diagrams
of Pearce et al. (1984). Petrographic analysis on thin sections from 10 of these granite samples was performed to determine mineral assemblage and modal abundance.

Results

The Reformatory is a light grey quartz monzonite crosscut by secondary aplite dikes, sample SC-01A is finer grained and darker in color than SC-01B. St. Cloud red is a red granite crosscut by secondary black diabase dikes,
sample SC-02A is finer grained than sample SC-02B. The Watab pluton contains a variety of phases due to visible magma mixing between more mafic (SC-03A, SC-03D) and porphyritic felsic (SC-03B) endmembers. The mafic
endmembers are black while the felsic endmember is grey. The felsic phase appears as purple where heavily crosscut by secondary veins of epidote (SC-03C). The Foley granite (SC-04A) is a light salmon colored granite present in two phases differentiated by the presence of magnetite (SC-04B). The Richmond is an orthopyroxene bearing coarse grained granite present in two phases, one with pink alkali-feldspars that is present in lighter (SC05A) and darker verities (SC-05C), as well as another darker variety containing green alkali-feldspars (SC-05B). The Rockville is a coarse-grained granite and is present in two phases, one containing pink alkali-feldspars (SC06A) and another containing white alkali-feldspars (SC-06B).

Whole-rock data from 15 samples indicate that the suite range from quartz monzodiorite to granite, are calc-alkalic to alkalic, largely ferroan and metaluminous with Fe-index and ASI increasing with silica content.
Alkalinity index and feldspar silica saturation index classify the preliminary samples as being metaluminous and silica saturated. The geochemical patterns of the ECMB appear most similar to Caledonian style post orogenic
granites (Frost and Frost, 2008).

Introduction

Figure 10: REE Discrimination Diagrams for the samples of the ECMB suite, displays a split between within plate granites and volcanic arc granites (Adapted from Pearce et al., 1984).

The understanding of the tectonic framework of the upper midwestern United States through the Proterozoic is relatively poorly constrained due to abundant glacial overburden and multiple phases of deformation
including overprinting by the Keweenawan Midcontinental Rift. Using geophysical methods including aeromagnetic and bouguer anomaly studies, scientists have delineated the provinces of the Penokean and Yavapai Orogenies
in Minnesota Wisconsin and Iowa (Chandler et al., 2007; Holm et al., 2007). The model for the tectonic framework in the region is based upon radiogenic ages of the various deformational and magmatic events recorded in the
rock record in formations such as the Baraboo quartzites and the East Central Minnesota Batholith (ECMB) (Holm et al., 2005). This research uses petrographic and geochemical analysis to provide additional insight that better
constrain the tectonic setting of central Minnesota through the Penokean and Yavapai Orogenies of the Proterozoic. This is accomplished by classifying the individual plutons that comprise the ECMB based on the IUGS
classification for granitic rocks, the geochemical classification schemes of Frost and Frost (2008), the rare earth element discrimination diagrams of Pearce et al. (2008), and the Chondrite Normalization values of Taylor and
McLennan (1985). Results of these analysis indicate that samples of the ECMB are largely of the cordilleran, or volcanic arc granite type, while a few of the most felsic samples indicate a Caledonian or within plate granite
geochemical signature.

REE Discrimination Diagrams

Table 2: Mineral assemblage and modal abundance of the initial ten samples of the ECMB, Samples SC-01A through SC-04B point counted
in thin section while samples SC-05A through SC-06B point counted in hand samples.
Mineral Assemblage

Background
Aeromagnetic and Bouguer Anomaly geophysical studies of Minnesota, Iowa, and Wisconsin have delineated that the southern margin of the
Laurentia in modern day Minnesota before the Penokean orogeny consisted of the Minnesota River Valley Promontory and the Becker Embayment
(Figure 1) (Chandler et al., 2007; Holm et al., 2007). The collision of the Marshfield terrain with the Minnesota River Valley Promontory through the
Penokean caused the crust in this region to become overthickened and could have resulted in post-orogenic Caledonian style magmatism (Chandler
et al., 2007). The presence of Geon 17 granites in Minnesota and Wisconsin as far north as 150km from the Spirit Lake Tectonic Zone that delineates
the Yavapai Orogeny provide evidence for subduction reversal between the Penokean and Yavapai Orogenies. This model proposes subduction
during the Penokean orogeny from 1875 Ma to 1835 Ma was north dipping; However, subduction reversed at approximately 1800 Ma (Van Schmus,
1976; Holm et al., 2005). As this now southward-dipping slab of oceanic crust was subducted under North America, its high density with respect to
the surrounding rock caused slab roll-back (Figure 2) (Holm et al., 2005). It is believed that decompression from slab rollback under the
overthickened Penokean crust caused post orogenic collapse as the driver of the emplacement of the East Central Minnesota Batholith (Holm et al.,
2005; Chandler et al., 2007).

Because melts generated by different sources fractionate trace and rare earth elements differently based on the type and amount of crustal material incorporated. The rare earth element discrimination diagrams
of Pearce et al. (1984) differentiate magmatic rocks based on the ratios of rare earth elements present in the individual rocks of a suite. The samples of the ECMB largely plot in the volcanic-arc granite bins on these
diagrams (Figure 11), with samples SC-04B and SC-05B consistently plotting in the within-plate granite bins. The Rockville granites mostly plot in the within-plate granite field except for the Rb – (Yb + Ta) plot, while SC
-06A also plots in the volcanic-arc field for the Ta/Yb plot.

Figure 4: IUGS classification of the individual plutons of the ECMB,
samples range from quartz monzodiorite to granite (Adapted from
Streckeisen, 1984).

All samples contained quartz, plagioclase, potassium feldspar, biotite, opaques, and trace zircon (Table 2). The potassium feldspar present in all
samples was interpreted as microcline due to the presence of both perthitic exsolution and tartan plaid twinning. Zircons were typically present in
hornblende or biotite. All samples except the most felsic sample, SC-04B from the Foley, contained trace apatite crystals present as inclusions
within quartz, hornblende or more rarely biotite. Orthopyroxene was present in small quantities in the Reformatory, St. Cloud Red, and Foley
where it was only present altering to hornblende. Orthopyroxene was also present in larger quantities as a standalone mineral in the samples of
the Richmond and the Mafic endmember of the Watab (SC-03A). Chlorite always occurs as an alteration product from biotite. The magnetic phase
of the Foley (SC-04B) contained radioactive allanite always found occurring with or within fluorite.

Figure 11: REE SiO2 Variation Diagrams for the samples of the ECMB suite (Adapted from Pearce et al., 1984).
REE vs. SiO2 Variation Diagrams

Figure 5: Harker Diagrams for the samples of the ECMB suite, show what appear to be linear trends which is consistent with magma mixing being the primary source of differentiation. Al2O3 and MgO Harker diagrams have
slightly more curved trends possibly indicating fractional crystallization (Adapted from Frost and Frost, 1999).

Rare earth element variation diagrams can differentiate magmatic rocks from different tectonic environments based on the enrichment of rare earth
elements by crustal recycling (Pearce et al., 1984). Yttrium and Ytterbium are more enriched in within plate granites than in volcanic arc granites and provide what
is most likely the best approximation of the variation diagrams presented. Rubidium is not an ideal variation diagram for this study as the bins for within-plate
granites and volcanic-arc granites overlap significantly as rubidium is not meant to discriminate between volcanic arc and within plate granites. Nb and Ta are
typically more enriched in within plate granites than volcanic arc granites, however in regions of thinned continental crust this enrichment is less severe (Pearce et
al., 1984), therefore; the enrichment of these elements in the ECMB suite could be due to the ECMB being emplaced in overthickened crust.
Chondrite Normalization

Harker Diagrams

Figure 1: The Location of the East Central Minnesota Batholith with
respect to the Yavapai and Penokean tectonic boundaries. The Spirit
Lake Tectonic Zone is the upper tectonic boundary of the Yavapai
Orogeny while the Niagara Fault Zone is the upper tectonic boundary
of the Penokean Orogeny (Adapted from Holm et al., 2005, 2007; Jirsa
et al., 2011).

Figure 2: Generalized model for slab rollback through the Yavapai
orogeny, this slab rollback in conjunction with post orogenic collapse
of the overthickened Penokean crust is the proposed model for the
emplacement of the ECMB (After Holm et al., 2005).

Table 1: Uranium lead zircon ages of the analyzed plutons of the
ECMB (Adapted from Holm et al., 2005).

Samples of the ECMB are normalized to the chondrite model of Taylor and
McLennan (1985). This shows a more prominent negative europium anomaly is
present in the more felsic samples of the ECMB (Figure 12), particularly the magnetic
phase of the Foley (SC-04B), whereas the most mafic sample (SC-03D) shows no
europium anomaly. This could be a result of fractional crystallization within the
batholith as europium is preferentially incorporated into early formed feldspars (Frost
and Frost, 2019). This could also be a result of partial melting of continental crust as
the europium would preferentially remain in the un-melted phases of the crust.

Harker diagrams can be used as evidence for determining the source of magmatic differentiation within a series of related magmatic rocks as differentiation from fractional crystallization will result in curved trends while
differentiation from magma mixing will result in linear trends (Frost and Frost, 2019). Harker diagrams for the samples of the ECMB suite display what appear to be linear trends, this is consistent with magma mixing, however
more evidence from field relationships is necessary to prove that magma mixing is the source of differentiation within the batholith. While magma mixing is visible within the Watab pluton, and mafic enclaves are present in
the Rockville granites these lines of evidence are too localized to be representative of the whole batholith.
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Figure 12: Samples of the ECMB suite normalized to the chondritic mantle model of Taylor and McLennan (1985) Emboldened lines
represent proposed endmembers. Negative Eu anomaly is more prominent in the more felsic samples like SC-04B and less prominent in
the more mafic samples like SC-03A and SC-03D (Adapted from Taylor and McLennan, 1985).

Methods
This project started with collecting representative samples of each of the plutons of the ECMB. Permission to enter properties
was gained with the help of Terrance Boerboom at the Minnesota Geological Survey. Appropriate representative samples were approximately 1 cubic foot of non-weathered rock material not crosscut by any secondary dikes or veins. Samples collected using a 9pound sledgehammer, Eastwing Crack Hammer, and Masonry Chisel. Samples were collected in-situ where possible but due to the
Rockville granite being actively quarried samples SC-06A and SC-06B were collected from aggregate piles with the help of Tim Gross
from the Rockville Quarry. Thin Section billets were cut on a Milwaukee MK Pro Series ceramic Tile Saw, billet dimensions were
22mm by 42mm by 20mm. Final thin sections were professionally manufactured from these billets by the Vancouver Geotech Labs.
Samples were described using thin section and hand sample analysis. Thin section analysis was performed on a Nikon SKT petrographic microscope on the initial 10 samples analyzed and was used to determine the mineral assemblage for each sample as well as
modal abundance where appropriate. The modal abundance for the minerals in each sample was determined by point count (Table
2). Grid spacing was approximated to 1.5 times the average grain size for each sample. Point counts were performed on thin sections
where possible but the samples of the Richmond and Rockville units (SC-05A, SC-05B, SC-06A and SC-06B) were too coarse grained
to provide sufficient points with the thin sections available, so modal abundance was determined in hand sample. Using modal
abundance, each sample was plotted on a QAP ternary diagram (Figure 3) and classified according to the IUGS classification for naming igneous rocks (Streckeisen, 1974).

Figure 3: Map of the East Central Minnesota Batholith with sample locations, most
locations provided two samples, samples SC-06A and SC-06B were collected from a quarry
aggregate pile so provided location is not in-situ location (Adapted from Jirsa et al., 2011).

Table 3: Table Summarizing where each sample of
the ECMB suite plots on each of the discrimination
diagrams of Pearce et al. (1984).

Initial geochemical data on ten samples of the ECMB collected in July of 2019 was processed by ALS Global, later five additional
samples collected in August and September of 2020 were processed by ALS Global to provide a more robust dataset. Whole rock geochemistry for major elements was determined using inductively coupled plasma atomic emission, while rare earth and trace element data was collected using inductively coupled plasma mass spectrometry. Major element data is applied to Harker diagrams to
attempt to delineate possible differentiation patterns across the batholith (Figure 4). Major element data is also used to classify the
ECMB according to the geochemical classification schemes for feldspathic granitic rocks presented by (Frost and Frost, 2008). These
include Fe* (Figure 5), modified alkali lime index (Figure 6), aluminum saturation index (Figure 7), and alkalinity index over feldspar
silica saturation (Figure 8). Rare earth element data is applied to the discrimination diagrams of Pearce et al. (1984) to delineate the
possible tectonic environment that contributed to the emplacement of the ECMB. These include plots of niobium over yttrium, tantalum over ytterbium, rubidium over the sum of ytterbium and niobium, and rubidium over the sum of tantalum and ytterbium
(Figure 9). Additionally these trace and rare earth elements are plotted over the weight percent silica for each sample (Figure 10).
Lastly rare earth element data for the ECMB was normalized to the chondritic mantle model of Taylor and McLennan (1985).

Discussion
Figure 6: Plot of Fe* (FeOtot / FeOtot + MgO) vs. SiO2 for
the samples of the ECMB Suite, general trend is of
increasing iron enrichment with increasing silica
(Adapted from Frost et al., 2008).

Figure 7: Plot of the Modified Alkali Lime Index (Na2O
+ K2O - CaO) vs. SiO2 for samples of the ECMB suite,
plot displays a general trend of increasing MALI with
increasing silica content (Adapted from Frost et al.,
2001).

Figure 8: Plot of Aluminum Saturation Index (Al / [Ca 1.67 P + Na + K]) vs. SiO2 for the samples of the ECMB
Suite, Trend is of increasing aluminum saturation with
increasing silica (Adapted from Frost et al., 2001).

Fe*

Modified Alkali Lime Index

Aluminum Saturation Index

Fe* is a measure of the degree with which iron is
enriched compared to magnesium in magmatic rocks
(Frost and Frost, 2019). The Fe* trend of the ECMB is
consistent with the trends of Caledonian and
Cordilleran type granites (Frost et al., 2001). The
Richmond granites (SC-05A) are outliers being far
more enriched in iron for their respective silica
content, this could be related to the presence of
orthopyroxene in these rocks. The magnetite bearing
phase of the Foley (SC-04B) is the highest in silica and
among the most enriched samples, this is likely due to
the crystallization of magnetite (Frost and Frost,
2019). The two samples of the St. Cloud Red (SC-01A,
SC-01B) are radically different on this plot with SC01A being magnesian and SC-01B being ferroan, this
is due to the absence of magnesium in SC-01B.

Figure 9: Samples of the ECMB plotted for alkalinity index
(Al - [Na + K]) and feldspathoid silica saturation index (Q –
[Lct + 2Nph])/100. Plot shows all samples are
metaluminous and silica saturated (Adapted from Frost et
al, 2001).

Alkalinity Index vs. Feldspathoid Silica Saturation Index
All samples of the ECMB plot in the metaluminous and
The modified alkali lime index is a measure of the
Aluminum saturation index is a measure of the
relative abundances of calcium and alkalis, and is
saturation of aluminum in the feldspars of magmatic silica saturated bin on the plot of alkalinity index and
used to classify magmatic rocks based on which
rocks, with most mafic rocks being more aluminum feldspar silica saturation index, this is consistent with the
mineralogy of the samples containing quartz and calcic
feldspar will crystallize out of melt first (Frost and
poor, or metaluminous and most felsic rocks being
amphiboles and biotite (Frost and Frost, 2019).
Frost, 2019). The samples of the St. Cloud Red (SCaluminum rich or peraluminous (Frost and Frost,
02A, SC-02B) are the most Alkalic while the mafic end 2019). The most metaluminous samples are the
members of the Watab (SC-03A, SC-03D) are the most mafic Watab endmembers (SC-03A and SC-03D)
calcic. The overall trend of MALI in the ECMB suite
while two of the most peraluminous samples are the
appears most similar to Caledonian within plate
felsic Watab endmembers (SC-03B and SC-03C).
granites as the suite appears to be more alkalic than Granites of both types increase in aluminum
what would be expected from Cordilleran style
saturation with increasing silica. The considerable
granites (Frost et al., 2001).
overlap in Caledonian and Cordilleran type granites
on the plot of ASI provides little insight in
characterizing the tectonic environment of the ECMB
(Frost and Frost, 2008).

Figure 13: Tectonic interpretations of each analyzed
pluton of the ECMB based on rare earth element and
geochemical analysis (Adapted from Jirsa et al.,
2011).

The results of this investigation seem consistent with the model for the
emplacement of the ECMB initially proposed by Holm et al. (2005), and further built
upon by Chandler et al. (2008). The expected type of magmatism generated by the
north dipping slab subducting under the southern margin of Laurentia would be of
the cordilleran or volcanic-arc type, while the within-plate or Caledonian style
component reflected in the geochemistry of the ECMB could be a result of
magmatism generated by the decompression of the overthickened Penokean crust
during slab rollback. Throughout all the rare earth and trace element analysis
performed, the sample of the magnetic phase of the Foley (SC-04B) always
appeared to be from a within-plate setting while the mafic endmembers of the
Watab (SC-03A, SC-03D) were consistent in being of the volcanic-arc setting. The
Richmond was anomalous in that it appears to be split between the within-plate
and volcanic-arc granite types; the presence of pink alkali-feldspars differentiated
the two samples of the Richmond, but the cause of the difference in tectonic
interpretation between these samples is not understood. The significant overlap in
the range of compositions possible by both Caledonian and Cordilleran granites
prevent definitive conclusions from being drawn from the geochemical
classifications of Fe* and aluminum saturation index, while the plot of the modified
alkali lime index indicates a distinctly of the Caledonian type that would correspond
to a within-plate granite interpretation for the ECMB suite. Further analysis of this
type on other magmatic bodies temporally related to Yavapai subduction such as
the Ann Lake Granite, Warman Granite, and Freedham Tonalite of Minnesota as
well as the Amberg, Montello, and Lugerville granites of Wisconsin could help
further constrain the tectonic setting of the Yavapai orogeny (Holm et al., 2005).
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